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ABSTRACT 


It  has  been  shown  that  the  substitution  of  nitrogen  for  oxygen  in  oxide 
glass  structures  enhances  bond  strength,  which  results  in  glasses  having  out¬ 
standing  properties.  These  oxynitride  glasses  have  higher  elastic  moduli, 
tensile  strength,  hardness,  and  better  corrosion  resistance  than  oxide  glasses. 
Previous  work  at  MTL  demonstrated  techniques  for  making  significant  quantities 
of  these  oxynitride  glasses.  It  was  also  recognized  that  these  glasses  had  the 
potential  to  be  formed  into  glass  fibers.  Such  glass  fibers  would,  have  poten¬ 
tial  applications  in  high-performance  composites.  ^This  final  report  summarizes 
research  and  development  efforts  conducted  by  GEO-CENTERS,  INC.  during  the 
period  from  April  1986  through  August  1988  on  the  preparation  and  characteriza¬ 
tion  of  properties  of  oxynitride  glasses  and  glass  fibejrs,  -■ 

~~T  **  * •...  .  »  i* 

Initial  work  concentrated  on  glasses  in  the  Y-Si-Al-O-N  system.  Properties 
of  the  yttrium  oxynitride  glasses  include  elastic  moduli  to  165  GPa  and  micro¬ 
hardnesses  up  to  10.4  GPa.  These  Y-Si-Al-O-N  glasses,  however,  have  relatively 
high  densities  (3.6  to  4.0  g/cc).  Other  lower  density  (2.6  to  3.0  g/cc)  systems 
were  also  investigated.  These  systems  include  M-Si-Al-O-N,  where  M  =  Mg,  Ca,  Li, 
and  Zr.  Also,  a  method  was  developed  for  the  continuous  drawing  of  oxynitride 
glass  fibers  from  these  glasses  with  properties  the  same  as  those  of  the  parent 
glasses . 

Discussed  in  this  final  report  are  the  results  of  the  research  efforts. 
Indications  show  that  oxynitride  glasses  and  glass  fibers  have  considerable 
potential  as  high-performance  engineering  materials. 
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1.0  INTRODUCTION : 

The  addition  of  nitrogen  into  common  oxide  glass  systems  has 
been  shown  to  enhance  many  properties,  including  hardness, 
corrosion  resistance,  strength,  and  elastic  modulus.  The  replace¬ 
ment  of  oxygen  by  nitrogen  in  the  glass  structure  leads  to  a 
tightening  of  the  glass  network  due  to  the  formation  of  more  bonds 
and  cross-linking  than  would  be  present  in  a  similar  oxide  glass. 
These  properties  are  essential  for  glass  fiber  applications.  Glass 
fibers  with  these  improved  properties  could  find  use  in  many 
applications,  including  high-strength  resin  matrix  composites. 
Previous  work  at  MTL  demonstrated  that  Y-Si-Al-O-N  glass  fibers 
could  be  produced  with  elastic  moduli  approximating  the  exception¬ 
ally  high  values  (140  to  186  GPa)  obtained  for  the  parent  glasses. 
While  these  moduli  are  more  than  double  those  of  ordinary  glasses, 
the  Y-Si-Al-O-N  glasses  have  relatively  high  densities  (3.6  to  4.0 
g/cc) .  The  modulus/density  ratio  is,  however,  still  impressively 
high  (50%  higher  than  ordinary  glass) .  In  addition,  literature 
reviews  produced  convincing  evidence  that  the  substitution  of 
nitrogen  for  oxygen  increases  elastic  modulus  for  many  glass 
systems,  including  M-Si-Al-O-N  systems  in  which  M  =  Li,  Mg,  or  Ca, 
which  also  produce  low  density  (2.6  -  2.7  g/cc)  glasses.  The 
objective  of  this  research  effort  was  to  identify  systems  in  which 
the  modulus/density  ratio  is  as  high  as  possible,  optimize  critical 
glass  fiber  properties,  and  demonstrate  the  feasibility  of  forming 
small  diameter,  high  quality,  high  specific  modulus  glass  fibers 
from  those  systems. 
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2.0  PREPARATION  OF  OXYNITRIDE  GLASSES 

2 . 1  Li-Si-Al-O-N  System 

Figure  1  is  a  molar  plot  of  the  Li20-A1N-Si2  system  with  points 
L5  to  Lll  representing  compositions  that  were  being  studied  when 
work  on  this  contract  was  initiated.  Composition  L5  was  initially 
chosen  for  further  experimentation.  Several  melts  were  performed 
on  glass  batches  of  this  composition.  Starting  materials  consisted 
of  Li2C03,  AIN,  and  Si02.  Melting  was  performed  in  BN-lined  graphite 
crucibles  in  a  N2  atmosphere  at  1600°C.  It  was  observed  during 
these  experiments  that  the  evaporation  of  Li  from  such  melts  during 
processing  contaminates  the  furnace.  Attempts  to  avoid  this 
problem  by  melting  in  a  larger,  contamination-resistant  furnace, 
however,  were  unsuccessful;  the  quenching  rate  was  found  to  be  too 
slow  to  avoid  devitrification.  Crucibles  were  then  designed  and 
ordered  to  allow  for  glass  melting  to  be  performed  in  the  induc¬ 
tion-heated  furnace,  which  is  easy  to  clean  and  can  be  cooled  very 
quickly. 

In  order  to  analyze  samples  of  the  prepared  glasses,  rectan¬ 
gular  slabs,  approximately  3/16"  x  1/8"  x  1-3/4",  were  cut  from  a 
prepared  sample  with  a  diamond  saw.  The  specimens  appeared 
somewhat  devitrified  and  also  contained  inclusions  and  imperfec¬ 
tions.  It  was  then  decided  to  systematically  explore  the  potential 
glass  forming  region  in  the  Li20-A1N-Si02  system.  Points  L12  to  L25 
on  Figure  1  are  subsequent  compositions  that  were  produced  and 
examined  for  glass  forming  characteristics.  Each  point  has  been 
classified  as  either  glass,  crystalline,  or  intermediate.  Points 
were  randomly  selected  on  the  plot,  and  from  the  molar  percentages 
of  each  component,  batch  calculations  were  made  to  determine  the 
weight,  in  grams,  of  each  component.  The  total  weight  of  each 
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batch  was  approximately  10  grams.  Each  component  was  individually 
weighed  out  on  a  top  loader  scale  to  the  nearest  hundredth  of  a 
gram.  The  AIN  was  Cerac-200  mesh,  99%  pure,  stored  in  a  vacuum 
desiccator.  The  Si02  was  obtained  from  a  dried  silica  slip  made  at 
MTL.  The  Li2C03  was  Puratonic  Grade  1,  batch  number  S. 84462.  The 
weighed  powders  were  placed  in  plastic  screw  top  bottles  with  50 
ml  methanol  and  three  A1  mixing  balls.  The  containers  were  then 
mixed  overnight.  After  thorough  mixing,  the  solutions  were  poured 
into  beakers  and  placed  into  a  drying  oven  overnight,  set  at 
approximately  75°C.  After  the  powders  were  dried,  they  were 
isostatically  pressed  at  20,000  psi,  crushed,  and  stored  in  plastic 
containers. 

The  powders  were  melted  in  BN  pellet  holders.  Each  holder  has 
three  reservoirs  capable  of  holding  approximately  0.3  grams  of 
powder.  The  holders  were  loaded  into  a  graphite  crucible  and 
placed  in  the  induction  furnace,  where  melting  was  performed  in  a 
N2  atmosphere.  The  powders  were  heated  to  approximately  1550°C, 
held  for  2  minutes,  then  cooled  as  quickly  as  possible  to  room 
temperature.  The  samples  were  then  removed,  evaluated,  and  charac¬ 
terized. 

It  was  determined  that  the  Li-Si-Al-O-N  glasses  had  a  tendency 
to  devitrify  and  crystallize  when  heated  after  the  initial  melt 
from  a  powder.  Under  close  microscopic  examination,  small 
inclusions  could  be  seen  dispersed  throughout  the  glasses.  These 
inclusions  may  be  serving  as  nucleation  sites,  crystallizing  when 
the  glasses  are  remelted  and  cooled.  Thus,  these  glasses  were 
determined  to  be  inappropriate  for  fiber  drawing  consideration. 
A  more  detailed  description  of  this  Li-Si-Al-O-N  research  is 
presented  in  Reference  1. 
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2 . 2  Oxynitride  E  Glass  Compositions 


Experiments  were  also  performed  on  a  "E"  glass  composition. 
The  basic  E  glass  formula  is  an  industry  standard  for  the  produc¬ 
tion  of  continuous  glass  fibers.  E  glass  is  a  calcium-magnesium- 
alumino-borpsilicate  containing  trace  amounts  of  Na20,  K20,  and 
Fe203/  and  its  density  is  approximately  2.53  g/cc. 

Initially,  a  basic  E  glass  was  produced.  The  E  glass  com¬ 
ponents  were  weighed  on  a  top  loader  scale  and  100  g  of  the  powder 
was  placed  in  a  plastic  screw  top  bottle  with  175  ml  acetone  and 
6  A1  mixing  balls.  The  container  was  then  mixed  overnight.  After 
thorough  mixing,  the  solution  was  poured  into  a  beaker  and  placed 
into  a  drying  oven  overnight,  set  at  approximately  75°C.  After 
the  powder  was  dried,  it  was  isostatically  pressed  at  20,000  psi, 
crushed,  and  stored  in  plastic  containers.  Then,  approximately  15 
g  of  the  powder  was  loaded  into  a  BN-coated  graphite  crucible  and 
placed  into  the  induction  furnace.  The  furnace  was  then  run  to 
1300°C  in  15  minutes,  held  at  1300°C  for  30  minutes,  then  quenched. 
The  melting  was  done  in  a  nitrogen  atmosphere. 

The  next  step  was  to  incorporate  nitrogen  into  the  system  to 
enhance  the  critical  properties.  The  nitrogen  was  introduced  by 
substituting  Si3N*  for  Si02  on  an  equivalent  basis.  The  silicon 
nitride  substitution  (approximately  7.5  wt.  percent)  significantly 
increased  the  melting  temperature,  to  1650°C  with  30  minutes 
required  for  melt.ing. 

These  first  oxynitride  E  glass  compositions  had  a  tendency  to 
devitrify  and  crystallize  when  used  for  fiber  drawing.  A  litera¬ 
ture  review  suggested  the  amount  of  B203  in  a  glass  composition 
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affects  the  firing  characteristics  when  nitrogen  is  added  to  the 
system.  Reduced  B203  oxynitride  glass  compositions  were  prepared, 
which  had  improved  melting  characteristics.  When  the  B203  amount 
was  decreased,  a  slight  increase  in  density  was  noticed. 

The  best  oxynitride  E  glass  produced  was  a  composition  made 
without  the  addition  of  B203.  This  composition  designated  EN3A  was 
fired  in  a  nitrogen  atmosphere  at  1650°C  for  3  0  minutes.  The 
resulting  glass  looked  very  good  and  was  semi-transparent  when 
thinly  sliced.  There  was,  however,  some  evidence  of  small  metallic 
balls  present.  The  density  of  this  glass  was  approximately  2.68 
g/cc.  This  composition  contained  approximately  4.74  atomic  % 
nitrogen.  This  glass  composition  was  scaled  up  and  a  50  g  puck  of 
glass  was  made.  The  glass  was  crushed  and  use  for  experimentation 
to  draw  glass  fibers. 

Two  other  experimental  oxynitride  E  glasses  were  also 
produced.  In  the  first  one,  the  atomic  percent  of  nitrogen  was 
increased  to  6.83%.  This  glass  looked  very  good,  and  was  also 
semi-transparent  when  thinly  sliced.  It  still  also  had  the  small 
metallic  balls  present.  There  was  only  a  very  slight  increase  in 
density  to  2.70  g/cc.  This  glass  was  not  successful  when  used  for 
fiber  drawing  experiments.  The  second  experimental  composition 
contained  9.29  atomic  %  nitrogen.  This  resulting  glass  did  not 
look  as  good  as  the  other  glasses.  It  was  a  light  gray  color  that 
was  not  transparent,  and  seemed  devitrified. 

2 . 3  Zr-Si-Al-O-N  System 

Work  was  also  performed  on  the  melting  and  formation  of 
zirconium  oxide  and  oxynitride  glasses.  The  addition  of  zirconium 
to  sodium  silicate  glass  compositions  has  been  shown  to  enhance 
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alkali  resistance.  Corrosion-resistant  fibers  made  from  these 
compositions  have  applications  such  as  fiber  reinforcements  for 
Portland  cement.  A  zirconium  oxide  glass  was  produced,  and 
nitrogen  was  incorporated  into  the  system  to  see  whether  or  not 
critical  properties  (elastic  modulus,  strength,  corrosion  resis¬ 
tance,  etc.)  can  be  enhanced  further. 

Nitrogen  was  added  to  the  oxide  glass  system  in  the  form  of 
silicon  nitride  powder.  It  was  determined  that  the  best  way  to 
incorporate  the  silicon  nitride  to  the  system  was  to  melt  the  oxide 
glass  powder,  crush  the  resulting  glass  into  a  fine  powder,  then 
dry  mix  the  silicon  nitride  into  the  crushed  glass.  The  zirconium 
oxide  glass  powders  were  melted  in  BN  coated  graphite  or  BN 
crucibles,  in  a  nitrogen  atmosphere.  They  were  melted  at  1300°C. 
The  resulting  oxide  glasses  were  quite  transparent,  had  no  metallic 
inclusions,  but  seemed  to  have  bubbled  quite  a  bit.  The  glass  had 
an  approximate  weight  loss  of  7%.  The  density  of  the  glass  was 
approximately  2.67  g/cc. 

After  the  oxide  glass  was  crushed,  approximately  5  atomic 
percent  nitrogen  was  added  in  the  form  of  powdered  silicon  nitride. 
The  zirconium  oxynitride  glass  powders  were  melted  in  BN  coated 
graphite  or  BN  crucibles  in  nitrogen  atmosphere,  to  1600°C.  The 
resulting  glass  was  a  dark  gray  color,  not  very  transparent,  with 
some  metallic  balls  present.  There  were  also  certain  areas  of  the 
glass  that  seemed  to  have  crystallized  or  devitrified.  There  was 
only  about  1%  weight  loss,  and  the  density  of  the  glass  was 
approximately  2.78  g/cc.  This  composition  had  approximately  4.99 
atomic  %  nitrogen. 


7 


GEO-CENTERS,  INC. 


Another  zirconia  composition  was  formulated  which  contained 
6.65  atomic  %  nitrogen  (the  previous  composition  contained  4.99 
atomic  %  nitrogen) .  This  new  glass  was  made  the  same  way  as  the 
first  composition,  melting  the  oxide  components  of  the  glass  first, 
then  adding  the  nitrogen  to  the  system  in  the  form  of  powdered 
silicon  nitride  dry  mixed  with  the  crushed  oxide  glass.  The  oxide 
glass  was  melted  in  a  BN-coated  alumina  crucible  in  a  nitrogen 
atmosphere  at  1300°C.  The  weight  loss  of  the  oxide  zirconium  glass 
was  approximately  15%.  The  density  was  2.68  g/cc.  The  nitrogen 
zirconium  glass  was  melted  in  a  BN-coated  alumina  crucible  in  a 
nitrogen  atmosphere  at  1600°C.  The  weight  loss  of  the  oxynitride 
glass  was  approximately  5%.  An  accurate  density  of  the  glass  was 
not  obtainable.  Although  parts  of  the  resulting  oxynitride 
composition  were  glassy,  a  large  portion  of  the  glass  seemed 
devitrified  or  decomposed.  This  particular  composition  did  not 
seem  to  promising. 

2 . 4  Oxynitride  S  Glass  Compositions 

Experiments  were  performed  on  an  "S"  glass  composition.  S 
glass  is  a  commercially  available  magnesium-alumino-silicate 
composition  designed  for  high  strength  applications.  It  is  quite 
refractory  and  must  be  worked  with  at  relatively  high  temperatures 
(1500°  -  1600°C)  .  The  oxide  S  glass  was  fired  in  a  BN-coated 
alumina  crucible  in  a  nitrogen  atmosphere  at  1600°C.  There  was 
approximately  2.43%  weight  loss  and  the  density  was  2.45  g/cc.  The 
resulting  glass  looked  quite  good  with  a  brownish  color  and  a  few 
bubbles.  There  were  a  few  scattered  small  black  specks,  but  they 
did  not  look  metallic. 
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Two  oxynitride  S  glass  compositions  (labeled  NS1  and  NS2)  were 
made,  contained  2.97  and  4.97  atomic  %  nitrogen,  respectively. 
Both  compositions  were  fired  in  a  BN-coated  alumina  crucible  in  a 
nitrogen  atmosphere  at  1600°C.  NS1  had  a  weight  loss  of  less  than 
1%,  while  NS2  had  a  weight  loss  of  1.5%.  Both  glasses  had 
densities  of  approximately  2.50  g/cc,  although  this  may  not  be 
completely  accurate  due  to  amount  of  bubbles  scattered  throughout 
the  glass.  The  glasses  looked  very  good;  quite  glassy  with  a  dark 
brown  color.  There  was  fairly  extensive  bubbling  in  both  glasses 
and  there  were  a  few  scattered,  small  black  specks  that  did  not 
look  metallic,  however. 

After  reviewing  the  work  performed  on  NS1  and  NS2,  it  was 
found  that  these  nitrogen  S  glasses  were . formulated  from  the  wrong 
oxide  composition.  The  mole  %  of  the  components  were  mistaken  for 
the  weight  %.  The  formulation  used  was  (in  weight  %)  ;  68.68%  Si02, 
15.57%  A1203 ,  and  15.75%  MgO.  Although  this  composition  resulted 
in  a  good  quality  glass,  it  was  not  the  correct  "S"  glass  composi¬ 
tion. 


The  correct  MSM  glass  composition  is  (in  weight  %) ;  65%  Si02, 
25%  A1203,  and  10%  MgO.  A  glass  composition  based  on  this  oxide 
formula,  containing  5.52  atomic  %  nitrogen,  was  made  and  designated 
NS7 .  This  composition  formed  a  fairly  good  glass,  but  had  a 
tendency  to  form  many  bubbles.  Although  the  glass  seemed  to  fully 
melt  at  1500°C,  a  temperature  of  1650°C  produced  a  glass  with  fewer 
bubbles.  Another  composition  (also  based  on  the  new  "S"  formula) 
NS8  containing  2.72  atomic  %  nitrogen  was  also  made.  This  lower 
nitrogen  glass  looked  better  than  the  5.52  atomic  %  nitrogen  glass. 
There  were  fewer  bubbles  and  the  overall  appearance  and  glass 
quality  was  better.  The  optimum  firing  temperature  was  approxima- 
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tely  1550°C.  A  density  measurement  2.45  g/cc  was  obtained.  A 
higher  nitrogen  composition  (7.77  atomic  %)  NS11  was  also  tried. 
It  appeared  as  though  this  nitrogen  content  was  too  high  for  this 
composition.  All  test  firings  of  this  formulation  were  not  glassy, 
were  light  gray  in  color,  and  had  many  bubbles. 

In  a  related  literature  review,  R.  Wursirika2  reported  a  high 
strength  glass  in  this  system  with  9.91  atomic  %  nitrogen.  This 
composition  was  made  and  designated  as  NS5  and  NS  6.  The  resulting 
samples  obtained  from  this  composition  did  not  look  good.  They  had 
a  light  gray  color  and  seemed  divitrified.  There  were  quite  a  few 
bubbles  and  metallic  balls.  Several  different  firing  temperatures 
were  used,  all  with  the  same  results. 

An  experimental  composition  between  the  new  "S"  glass  and  the 
Wursirika  glass  compositions  on  the  Si02-Al203-Mg0  phase  diagram  was 
also  formulated.  NS9  was  made  to  have  2.53  atomic  %  nitrogen,  and 
NSiJ  had  6.91  atomic  %  nitrogen.  The  NS 9  samples  looked  quite 
good.  They  were  very  glassy,  had  only  a  few  bubbles,  and  did  not 
have  as  many  metallic  balls  or  divitrified  patches.  The  density 
was  approximately  2.62  g/cc  and  the  optimum  firing  temperature 
seemed  to  be  1500°C.  The  NS10  samples  did  not  look  as  good.  They 
were  a  little  "cloudy”  and  under  high  microscopic  examination,  fine 
particles  (possible  nucleation  sites)  could  be  seen.  There  were 
some  bubbles  toward  the  tops  of  the  samples  and  small  metallic 
balls  present.  The  density  was  2.68  g/cc. 

Figure  2  is  a  phase  diagram  (in  mole  %)  of  the  Si02-Al203-Mg0 
system.  The  compositions  above  were  derived  from  this  diagram. 
Points  are  chosen  in  the  known  glass  forming  region,  and  then 
nitrogen  was  introduced  into  the  system  by  substituting  Si3N4  for 
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Figure  2.  Mg~Si~Al~0~N  Oxide  Diagram 


Si02  on  a  molar  basis.  The  amount  of  atomic  %  nitrogen  contained 
in  each  sample  is  determined  by  the  amount  of  Si3N4  substituted  for 
Si02.  Each  point  on  the  diagram  represents  a  certain  composition 
that  may  or  may  not  have  several  different  forms  containing  varying 
nitrogen  amounts.  Point  "S"  represents  NS7  (5.51  atomic% 
nitrogen),  NS8  (2.72  atomic  %  nitrogen),  and  NS11  (7.77  atomic  % 
nitrogen) .  Point  S'  represents  the  mistaken  S  compositions  NS1 
(2.97  atomic  %  nitrogen),  and  NS2  (4.96  atomic  %  nitrogen  ).  The 
X  point  represents  the  experimental  compositions  NS9  (2.53  atomic 
%  nitrogen) ,  and  NS10  (6.91  atomic  %  nitrogen) .  Point  W  represents 
the  Wursirika  composition. 

2 . 5  Ca-Si-Al-O-N  System 

A  composition  in  the  Ca-Si-Al-O-N  system  was  also  chosen  for 
study.  The  composition,  designated  SKAN4 ,  was  taken  from  a  paper 
by  S.  Sakka  et.  al.3  It  has  10.11  atomic  %  nitrogen.  The  result¬ 
ing  glass  looked  quite  good.  Although  the  outside  had  a  grayish 
crust,  the  inside  was  very  glassy,  had  virtually  no  bubbles,  and 
was  quite  transparent.  The  optimum  firing  temperature  seemed  to 
be  1650°C,  and  the  density  was  approximately  2.84  g/cc.  Although 
this  glass  looked  promising,  there  was  a  substantial  weight  loss 
(10-15%)  that  will  have  to  be  investigated. 

2.6  Y-Si-Al-O-N  System 

Some  experimentation  was  also  performed  on  a  glass  in  the 
Y-Si-Al-O-N  system.  A  previously  formulated  "B"  glass  (13.3  atomic 
%  N2)  composition  was  modified  in  an  attempt  to  produce  a  glass  in 
the  Y-Si-Al-O-N  system  with  a  higher  nitrogen  content,  yet  still 
retain  fiber  forming  characteristics.  Initially,  MgO  was  tried  as 
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a  modifier.  This  proved  to  be  unsuccessful,  with  the  resulting 
material  looking  quite  crystallized  and  being  quite  brittle.  Next, 
CaO  was  used  to  modify  the  Y-Si-Al-O-N  glass  composition.  The 
resulting  glass  looked  quite  good,  being  fairly  transparent.  The 
density  of  the  modified  glass  was  approximately  3.71  g/cc.  The 
melting  point  of  the  glass  was  approximately  1650°C. 

2 . 7  Glass  Preparation  Under  Specialty  Atmospheres 

During  all  of  the  above  experimental  glass  melting,  certain 
changes  were  made  in  an  effort  to  reduce  thermal  decomposition 
which  is  believed  to  contribute  to  the  formation  of  metallic  Si 
balls  and  decrease  the  quality  of  the  formed  glasses.  One  such 
effort  was  to  replace  the  graphite  crucibles,  previously  used  to 
melt  the  glasses,  with  either  BN  or  A1203  crucibles.  Molybdenum  was 
also  substituted  for  graphite  as  a  susceptor  material  in  the 
induction  furnace.  It  was  anticipated  that  using  these  crucible 
materials  would  help  to  minimize  thermal  decomposition  by  making 
melting  conditions  less  reducing  than  with  graphite.  In  spite  of 
this  effort,  however,  the  formation  of  the  metallic  balls  was  not 
prevented. 

Using  a  specialty  atmosphere  during  glass  melting  was  also 
tried.  A  mixture  of  90%  nitrogen,  5%  carbon  dioxide,  and  5%  carbon 
monoxide  was  used  in  experimental  glass  melts.  The  mixture  was 
designed  to  produce  an  oxygen  pressure  high  enough  to  suppress  the 
thermal  decomposition  reaction  of  the  glasses,  but  low  enough  as 
not  to  oxidize  the  molybdenum  susceptor. 

Several  melts  were  performed  using  the  "a"  glass  composition. 
Each  melt  was  made  using  molybdenum  as  a  susceptor,  and  the 
temperature  the  glasses  were  being  held  at  was  approximately 
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1600°C.  Most  melting  was  performed  in  BN-coated  BN  crucibles,  with 
approximately  5g  of  crushed  glass  or  glass  powder  being  used  for 
each  run.  One  melt  was  performed  in  an  uncoated  alumina  crucible, 
and,  as  expected,  the  glass  reacted  with  the  crucible.  One  25g 
batch  was  melted  successfully  in  a  BN-coated  alumina  crucible.  The 
main  variable  that  was  changed  was  the  time  the  samples  were  being 
held  at  the  maximum  temperature.  Melts  were  held  anywhere  from  10 
to  60  minutes. 

There  seemed  to  be  a  slight  improvement  in  some  of  the  glasses 
based  on  the  amount  of  time  the  glasses  were  held  at  temperature. 
The  longer  the  samples  were  held,  the  better  they  looked,  i.e.,  the 
resulting  glasses  seemed  to  have  slightly  better  transparency  and 
a  reduce  number  of  metallic  inclusions.  The  metallic  inclusions 
seem  to  float  to  the  top  of  the  glass  sample.  The  white  powder 
that  formed  on  the  tops  of  the  glass  samples  and  sometimes  on  the 
sides  of  the  silica  furnace  tube  was  found  to  be  amorphous  by  x- 
ray  diffraction.  Weight  losses  and  densities  of  specimens  melted 
in  the  new  atmosphere  were  the  same  as  previous  glass  melts  in  pure 
nitrogen.  There  did  not  seem  to  be  much  difference  in  the  final 
glasses  whether  unfired  glass  powder,  crushed  glass  powder,  or 
large  chunks  of  glass  were  used  in  the  experimental  melts. 

Two  melts  with  the  "a”  composition  (AIN  is  used  instead  of 
Si3N4  as  the  nitrogen  source  in  the  glass)  were  performed.  The  "a” 
glass  was  fired  at  1600°C  using  a  rolled  molybdenum  sheet  susceptor 
in  a  pure  nitrogen  atmosphere,  and  also  the  C02/C0/N2,  5/5/90 
atmosphere.  A  BN-coated  BN  crucible  was  used  for  melting.  There 
did  not  seem  to  be  much  difference  between  the  resulting  glasses 
from  the  two  different  atmospheres.  They  both  had  small  metallic 
inclusions  concentrated  at  the  top  of  the  samples.  The  glass  fired 
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in  the  COz/CO/N2,  5/5/90  atmosphere,  however,  had  more  of  a  white 
crust  on  the  top  of  the  sample.  Both  melts  had  the  normal  weight 
loss  and  densities. 

A  few  melts  were  performed  using  the  "B"  glass  composition 
(13.3  atomic  %  nitrogen)  .  There  did  not  seem  to  be  any  significant 
different  between  the  samples  fired  in  pure  nitrogen  and  the 
samples  fired  in  the  COj/CO/Nj,  5/5/90  atmosphere.  All  of  the  fired 
samples  had  the  normal  weight  loss  and  densities. 

Two  experimental  melts  were  performed  with  the  oxide  "S"  glass 
in  the  COz/CO/N2,  5/5/90  atmosphere  using  a  molybdenum  susceptor. 
The  glasses  were  heated  to  1600°C  and  held  for  45  minutes.  The 
outside  of  the  fired  samples  were  a  swirling  light  blue  color, 
which  could  be  due  to  some  kind  of  oxidation  of  the  molybdenum. 
The  blue  swirling,  however,  was  only  around  the  outside  of  the 
glass.  The  inside  of  the  samples  had  some  areas  that  had  black 
swirling  clouds,  and  some  areas  that  seemed  quite  transparent. 

One  experiment  was  performed  with  oxynitride  glass  NS2.  The 
glass  was  heated  to  1600°C  and  held  for  45  minutes.  The  resulting 
glass  was  not  improved.  There  was  white  crust  on  top  of  the 
sample,  and  some  milky  swirls  in  the  sample.  There  were  quite  a 
few  metallic  balls  present,  especially  around  the  top  of  the 
sample.  All  of  the  S  glass  melts  had  the  normal  weight  losses  and 
densities. 

One  melt  was  performed  with  an  oxide  ”E"  glass  in  the 
COz/CO/N2,  5/5/90  atmosphere  using  a  molybdenum  susceptor.  The 
glass  was  heated  to  1300°C  and  held  at  a  temperature  for  45 
minutes.  There  was  slight  evidence  of  a  blue  color  (possible 
molybdenum  oxidation) .  There  were  small  metallic  balls  on  the  top 
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of  the  sample.  Inside  there  were  light  black  swirls  that  were 
concentrated  towards  the  bottom  of  the  sample.  There  were  also 
quite  a  few  bubbles  throughout  the  glass.  The  resulting  glass  had 
the  normal  weight  loss  and  density. 

Although  slight  differences  could  be  observed  in  certain 
cases,  it  was  concluded  that  the  specialty  atmosphere  did  not 
significantly  improve  the  quality  of  the  glasses.  It  is  believed 
that  the  oxygen  partial  pressure  of  the  specialty  gas  mixture  was 
not  enough  to  suppress  thermal  decomposition  of  the  experimental 
glasses. 
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3.0  PREPARATION  OF  OXYNITRIDE  GLASS  FIBERS 


3 . 1  Development  of  Fiber  Drawing  Apparatus 

The  formation  of  oxynitride  glass  fibers  from  previously  made 
glass  compositions  was  performed  in  two  distinct  stages  of 
development.  The  first  stage  involved  "stretching"  heated  glass 
preforms,  and  the  second  stage  involved  drawing  the  fibers  from  a 
glass  melt. 

Initial  work  required  modification  of  the  existing  fiber 
drawing  set-up  to  improve  the  fiber  drawings  capability.  A 
schematic  diagram  of  the  apparatus  is  presented  in  Figure  3.  The 
most  significant  modification  of  the  furnace  involved  shortening 
the  length  of  the  refractory  furnace  and  the  induction  coil.  The 
diameter  of  the  modified  furnace  is  1-3/4  inches  and  is  1-3/4 
inches  long.  The  hot  zone  is  5/8  of  an  inch  long  and  the  induction 
coil  length  was  reduced  from  4  inches  to  1-1/4  inches.  The  smaller 
furnace  area  makes  it  easier  to  melt  only  the  desired  portion  of 
the  glass  and  also  makes  it  easier  to  align  the  glass  preforms  for 
more  efficient  fiber  production.  An  added  benefit  is  that  the 
shorter  work  area  allows  the  use  of  shorter  pieces  of  glass  for 
fiber  drawing. 


The  previous  method  employed  for  fiber  drawing  used  A1203  or 
SiC  rod  "dipsticks"  to  fuse  to  the  glass,  and  at  the  precise 
viscosity,  pull  up  to  draw  a  fiber.  With  this  method,  however,  it 
was  difficult  to  get  the  glass  to  wet  to  the  dipstick,  and  the 
molten  glass  often  fell  off.  A  possible  reason  for  this  was  that 
either  the  thermal  conductivity  or  the  thermal  expansion  coeffi¬ 
cient  of  the  dipstick  and  the  glass  rod  were  dissimilar.  To 
eliminate  this  problem,  the  glass  rods  were  prepared  with  a  smaller 
diameter  (-5mm)  so  they  could  be  mounted  from  above  in  a  pin  vise 
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attached  to  the  sliding  metal  rod.  In  this  way,  the  glass  rod  in 
the  bottom  fixture  could  be  fused  to  a  glass  rod  of  the  same 
composition  from  above.  This  configuration  was  made  possible 
because  the  reduction  in  furnace  size  eliminated  the  requirements 
for  a  long  dipstick.  The  best  "stretching"  method  for  successful 
fiber  formation  was  to  start  with  a  glass  rod  long  enough  for  one 
end  to  be  attached  in  the  bottom  chuck  and  the  other  in  the  pin 
vise.  This  method  eliminated  the  need  for  the  initial  melting  of 
two  glass  rods  to  fuse  them  together.  Thus,  there  only  had  to  be 
one  initial  heat  up  to  soften  the  glass  to  a  point  where  a  fiber 
could  be  drawn. 

Several  successful  fiber  pulls  were  achieved  using 
Y-Si-Al-O-N  "a"  glass,  and  Li2SiA103N  glass  preforms.  An  example 
of  the  formation  of  a  Li2SiA103N  fiber  is  as  follows.  Two  pieces 
of  Li2SiA103N  glass  were  loaded  into  the  induction  unit  and  fused 
together  in  a  nitrogen  atmosphere.  The  temperature  of  the  glass 
was  measured  with  an  optical  pyrometer.  Temperature  readings  were 
only  approximations,  due  to  the  difficulty  in  focussing  directly 
on  the  glass.  The  glass  sample  melted  at  approximately  1350°C, 
cooled  to  900°C,  and  then  re-heated  and  a  fiber  stretched  at 
approximately  1325°C.  The  fiber  drawn  was  10"  long,  with  an 
average  thickness  of  approximately  1mm  with  the  ends  closer  to  the 
glass  rods  being  thicker. 

All  of  the  fibers  formed  from  this  method  had  severe  limita¬ 
tions.  One  of  the  biggest  limitations  was  that  only  a  small  fiber 
could  be  produced,  due  to  the  space  limitations  of  the  furnace. 
A  10  to  20  inch  fiber  would  be  the  longest  possible  fiber.  Also, 
only  small  sections  have  a  uniform  thickness,  and  the  average 
diameters  of  the  fibers  were  very  large.  The  formed  fibers  also 
seemed  to  have  striations,  or  ridges  on  the  surface.  In  summary. 


19 


GEO-CENTERS,  INC. 


fibers  formed  by  this  method  were  short  in  length,  had  large 
diameters,  and  poor  overall  fiber  quality.  These  conclusions  led 
to  the  next  stage  of  fiber  development,  fiber  drawing  from  the 
melt. 


The  induction  unit  was  modified  so  that  it  would  be  possible 
to  pull  fibers  from  a  glass  melt.  Pulling  fibers  from  a  melt 
involves  heating  the  desired  glass  composition  in  a  specially 
designed  crucible  that  has  a  nozzle  centered  in  the  bottom  of  the 
crucible.  When  the  glass  reaches  the  correct  temperature  and 
viscosity,  it  will  begin  to  flow  through  the  nozzle  and  form  a 
glass  bead  at  the  nozzle  tip.  After  the  glass  bead  has  formed,  it 
must  be  "started”  in  order  to  begin  fiber  formation.  At  this 
point,  an  A1203  rod  is  used  to  touch  the  glass  bead  and,  by  pullino 
down,  drawing  a  fiber  from  the  melt.  Pulling  fibers  from  a  glass 
melt  enables  the  formation  of  more  uniform,  continuous  fibers  with 
less  chance  of  crystallization  or  contamination. 

In  order  to  accommodate  this  fiber  pulling  method,  a  new 
induction  coil  was  made  so  that  the  hot  zone,  where  the  glass  is 
melted,  could  be  moved  to  a  higher  position.  The  hot  zone  was 
raised  so  that  there  would  be  as  much  space  as  possible  below  the 
crucible  for  fiber  drawing.  The  new  hot  zone  location  provided 
about  24"  of  available  working  length  for  fiber  drawing.  Having 
the  crucible  located  in  the  higher  position  also  made  it  possible 
to  view  the  nozzle  tip  when  the  crucible  was  heated.  This 
facilitated  aligning  the  A12Q3  rod  to  the  glass  bead  when  attempting 
to  pull  a  fiber. 

Another  major  modification  was  to  incorporate  into  the  system 
an  optical  pyrometer  with  a  microprocessor-based  digital  process 
controller.  An  IRCON  MODLINE  two-color  ratio  pyrometer  was  mounted 
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above  the  furnace  so  it  could  be  pointed  directly  into  the  crucible 
where  the  glass  is  melted.  The  pyrometer  senses  radiation  emitted 
by  the  heated  glass,  and  supplies  an  electrical  signal  proportional 
to  the  temperature  to  an  indicator  unit.  The  front  panel  display 
of  the  indicator  provides  the  temperature  of  the  glass  melt  in 
degrees  Celsius.  The  signal  is  also  fed  to  a  MICRICON  823 
microprocessor  controller  in  a  feedback  loop  in  order  to  control 
the  output  of  the  induction  unit  either  according  to  a  pre-set 
program  or  allowing  for  manual  operation.  The  manually  operated 
pyrometer  that  was  previously  used  to  measure  temperature  still  was 
used  as  a  back-up,  or  to  double-check  the  IRCON  pyrometer. 

The  configuration  provided  for  greatly  improved  temperature 
control  of  the  glass-forming  hot  zone  region.  This  is  essential 
when  drawing  fibers  from  a  melt  because  precise  temperature  control 
is  needed  to  achieve  the  correct  viscosity  for  the  glass  to  flow. 
Using  a  microprocessor  to  control  the  furnace  also  increases  the 
reproducibility  of  any  glass  melting,  or  of  a  fiber  drawing  run. 
A  BN  crucible  was  fabricated  for  melting  the  glass  samples.  The 
cylindrical  crucible  was  approximately  3  cm  long,  with  an  I.D.  of 
1.8  cm  and  an  O.D.  of  2.5  cm.  A  nozzle  located  in  the  bottom 
center  of  the  crucible  extended  2  mm  below  the  bottom.  The  nozzle 
had  an  I.D.  of  4  mm,  and  an  O.D.  of  6  mm. 

Several  initial  fiber  drawing  experiments  were  performed  using 
previously  formed  glasses  prepared  in  the  Y-Si-Al-O-N  system. 
Approximately  10  grams  of  crushed  glass  was  placed  in  the  crucible. 
The  crucible  was  inserted  into  a  graphite  susceptor,  placed  into 
the  refractory  furnace,  and  mounted  in  the  induction  unit.  The 
glass  was  heated  in  a  N2  atmosphere  up  to  its  melting  point, 
between  1500°C  -  1600°C.  Exact  melting  point  temperatures  were 
difficult  to  determine  due  to  atmospheric  interference  (smoke. 
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etc.)*  The  main  objective  was  to  form  a  glass  bead  at  the  end  of 
the  crucible  nozzle,  which  would  then  be  touched  with  an  A1203  rod 
mounted  in  a  pin  vise  from  below.  Once  the  glass  bead  was  touched, 
the  A1203  rod  is  drawn  down,  pulling  a  fiber  from  the  crucible. 

Some  of  the  first  fiber  drawings  were  attempted  before  the 
induction  unit  was  interfaced  with  the  controller.  These  attempts 
were  unsuccessful  due  to  lack  of  precise  control  of  the  temperature 
and  viscosity  range.  One  attempt  was  made  after  the  controller  was 
successfully  interfaced  with  the  induction  unit.  The  glass  was 
initially  brought  to  a  temperature  of  1350°C.  Then  every  5  minutes 
the  temperature  was  raised  10  degrees.  At  each  step  the  crucible 
was  examined  to  see  if  the  glass  was  ready  to  be  pulled.  At 
1500°C,  the  glass  was  at  the  correct  temperature  and  viscosity  to 
facilitate  the  drawing  of  a  fiber.  A  fiber  approximately  18"  long 
was  drawn.  Optical  analysis  of  the  fiber  did  not  indicate  evidence 
of  crystallization,  a  problem  in  previous  attempts  to  form  fibers 
by  pulling  from  rods. 

More  modifications  were  made  to  the  induction  furnace  system 
to  better  accommodate  bottom  fiber  pulling  from  a  melt.  The  glass 
tube  on  the  induction  unit  was  shortened  to  approximately  25"  and 
the  bottom  fixture  was  raised.  This  modification  created  more 
space  below  the  assembly  to  manipulate  the  alumina  pull  rod  when 
attempting  to  start  a  fiber  pull.  The  extra  space  also  facilitates 
the  potential  winding  of  a  continuous  fiber  coming  from  the  bottom 
of  the  crucible,  out  the  bottom  of  the  assembly,  and  eventually 
onto  a  take-up  spool.  Figures  4  &  5  are  sketches  of  the  fiber 
drawing  and  fiber  winding  set-ups. 

After  extensive  experimentation  with  drawing  fibers  from  a 
melt,  success  was  achieved;  a  continuous  fiber  was  started  and  the 
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SKETCH  OF  FIBER  DRAWING  UNIT 
FIGURE  4 
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SKETCH  OF  FIBER  WINDING  SET-UP 
FIGURE  5 


24 


GEO-CENTERS,  INC. 


drawing  process  sustained.  Previously  formed  Y-Si-Al-O-N  glass  was 
crushed  into  chunks  using  a  metal  mortar  and  pestle.  Approximate¬ 
ly  6.5  g  was  loaded  into  a  BN  crucible.  The  cylindrical  crucible 
was  approximately  3  cm  long,  with  an  I.D.  of  1.8  cm,  and  an  O.D. 
of  2.5  cm.  A  nozzle  located  in  the  bottom  center  of  the  crucible 
extended  2  mm  below  the  bottom.  The  nozzle  had  an  I.D.  of  4  mm, 
and  an  O.D.  of  6  mm. 

The  loaded  crucible  was  then  placed  in  a  BN  shell,  surrounded 
with  a  zirconia  cylindrical  shell  and  alumina  end  caps,  and  placed 
into  the  induction  unit.  The  furnace  was  then  evacuated,  back¬ 
filled  with  nitrogen,  evacuated  again  and  then  a  steady  nitrogen 
flow  was  started. 

Using  the  Micricon  controller,  the  temperature  was  brought  to 
approximately  1342°C  in  20  minutes.  Then  under  manual  operation 
the  power  output  was  set  to  20%  and  the  temperature  increased  to 
1380°C.  At  this  time,  a  glass  bead  was  starting  to  form  at  the 
crucible  nozzle.  When  it  was  certain  that  the  glass  flow  had 
started  through  the  nozzle,  the  power  output  was  cut  to  0%  and  the 
temperature  dropped  to  1330°C.  Output  power  was  again  increased  to 
18%  to  bring  the  temperature  to  around  1350°C.  This  seemed  to  be 
the  optimum  drawing  temperature. 

The  glass  bead  that  had  formed  at  the  crucible  nozzle  was  then 
touched  with  the  alumina  pull  rod  and  a  glass  fiber  was  drawn  down 
until  it  got  knocked  off  at  the  fitting  at  the  bottom  fixture  of 
the  assembly.  At  this  point  the  output  power  was  dropped  to 
approximately  15%  and  the  temperature  decreased  to  1335°C.  Then 
the  Swage-Lok  fitting  at  the  bottom  of  the  fixture  was  removed  to 
make  the  opening  bigger  to  better  accommodate  the  passage  of  the 
fiber. 
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Output  power  was  then  resumed  to  18%  and  the  temperature 
climbed  back  up  to  1350°C.  The  fiber  (which  was  still  attached  to 
the  crucible  nozzle)  started  to  descend  through  the  bottom  fixture 
opening.  When  enough  of  the  fiber  had  passed  through,  it  was  taken 
by  hand  around  a  guide  spool  and  attached  to  a  take-up  reel.  The 
take-up  reel,  which  was  attached  to  a  variable  speed  laboratory 
motor,  was  started  and  the  fiber  wound  around  the  reel  for 
approximately  8  minutes.  The  fiber  eventually  became  too  thin  to 
sustain,  and  broke  off  at  the  nozzle  tip.  Over  100  yards  was 
estimated  to  *ave  formed. 

The  average  fiber  diameter  was  approximately  68  microns  with 
the  fiber  at  the  beginning  of  the  pull  having  a  larger  diameter  and 
the  fiber  at  the  end  of  the  pull  having  a  slightly  smaller 
diameter.  It  looked  as  though  there  might  be  some  evidence  of  some 
crystallization  within  the  fiber  and  there  also  was  some  kind  of 
particles  clinging  to  the  surface  of  the  fiber  at  various  sections 
of  the  fiber.  The  fiber  looked  more  transparent  than  the  parent 
glass. 

Various  process  and  equipment  modifications  were  made  as 
necessary  to  facilitate  the  drawing  of  small  diameter,  high 
quality,  high  specific  modulus  glass  fibers  from  those  systems. 
Because  the  guide  reel  was  a  location  where  frequent  fiber  breakage 
occurred,  the  system  was  modified  to  eliminate  the  guide  reel  and 
wind  directly  onto  the  take-up  reel.  This  modification  facilitated 
both  starting  and  sustaining  a  fiber  pull.  Figures  6  and  7  are 
sketches  of  the  fiber  drawing  and  fiber  winding  set-ups.  A  clear 
path  from  the  crucible  nozzle  to  the  take-up  reel  minimizes  the 
chance  of  strength  limiting  defects  being  introduced  to  the  surface 
of  the  fiber  by  abrasion  of  the  fiber  as  it  passes  through  furnace 
fittings. 
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1650-OO2-MM1O1064-IL 


FIBER  DRAWING 


SKETCH  SHOWING  THE  ORIENTATION  OF  ESSENTIAL 
COMPONENTS  OF  THE  FIBER  DRAWING  UNIT. 

FIGURE  6 
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It  was  determined  that  in  order  to  obtain  smaller  diameter 
fibers,  the  drawing  rate  had  to  be  increased.  In  order  to  draw 
faster,  the  winding  system  had  to  be  more  stable  so  that  it  would 
not  vibrate  too  much  at  higher  speeds,  causing  fiber  breakage. 
First,  custom  made  shafts  were  mounted  in  the  take-up  spools,  and 
the  spools  were  then  spin  balanced.  This  helped  the  spools  to 
rotate  more  evenly  at  higher  speeds.  Then  a  new  motor  system  was 
installed.  A  1/15  h.p.  d.c.  synchronous  motor  with  a  speed 
controller  was  permanently  mounted  in  place  of  the  laboratory  motor 
previously  used.  This  motor  is  heavier  and  will  produce  a  more 
steady  rotation  of  the  take-up  spool  at  higher  speeds.  The  same 
take-up  spool  is  used  and  is  mounted  in  a  drill  chuck  attached  to 
the  motor  shaft.  A  magnetic  transducer  and  a  digital  readout  for 
the  monitoring  of  the  take-up  spool  speed  was  also  installed. 

Also  custom  designed  molybdenum  fiber  drawing  crucibles  were 
used  in  the  induction  furnace,  which  eliminated  the  use  of  a 
graphite  susceptor.  In  some  instances,  rolled  molybdenum  sheet  was 
used  as  a  susceptor,  using  the  BN  fiber  drawing  crucibles.  The 
molybdenum  crucibles  also  have  the  advantage  of  being  more  durable. 

3 . 2  Oxynitride  Glass  Fiber  Compositions 

Several  continuous  fiber  pulls  have  been  completed  with  many 
different  compositions.  The  following  will  describe  representative 
fiber  pulls  for  each  composition. 

Y-Si-Al-O-N  "a”  glass  was  used  for  many  fiber  drawings. 
Previously  formed  oxynitride  glass  containing  (in  weight  %)  6%  Al, 
18.9%  Si,  39.8%  Y,  32.2%  0,  and  3.2%  N  was  used  as  feed-stock  for 
fiber  drawing.  The  glass  was  crushed  into  small  pieces  and  6  grams 
of  the  crushed  glass  were  loaded  into  the  molybdenum  crucible 
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nozzle.  The  crucible  was  loaded  into  the  furnace  assembly  and 
heated  to  1550°C,  at  which  temperature  the  glass  was  molten,  and  a 
drop  of  molten  glass  observed  at  the  nozzle  tip.  The  alumina 
dipstick  was  then  inserted  into  the  furnace  through  the  bottom 
fitting  to  contact  the  glass  drop  and  withdrawn  to  start  a  fiber 
that  remained  attached  to  the  tip  of  the  dipstick  as  the  latter  was 
pulled  out  of  the  furnace  through  the  bottom  fitting.  The  fiber 
was  then  broken  off  near  the  end  of  the  dipstick,  and  the  fiber  tip 
attached  to  the  takeup  reel  with  a  piece  of  cellophane  tape,  after 
which  the  motor  was  started  to  wind  the  fiber  on  the  takeup  reel. 
Winding  continued  for  about  8  minutes  at  a  speed  of  approximately 
550  r.p.m.  to  produce  a  continuous  fiber  estimated  to  be  from  1400 
to  1500  m  long. 

Examination  of  short  lengths  of  the  fiber  showed  that  it  was 
uniform  and  20/um  in  diameter  containing  a  few  pores  and  fine  (5/xm) 
metallic  (silicon)  inclusions.  Analysis  of  polished  cross-sections 
of  the  fiber  pieces  by  wavelength  dispersive  spectroscopy  showed 
that  the  chemistry  of  the  fiber  was  the  same  as  that  of  the  bulk 
glass,  and  also  the  same  as  the  nominal  starting  composition. 

The  Ca-Y-Si-Al-O-N  glass  ("b"  glass,  13.3  atomic  %  N2)  was 
also  used  for  fiber  drawing  attempts.  Short  fibers  were  easily 
formed  around  1400°C.  A  continuous  fiber  pull  could  not  be 
sustained.  The  fibers  that  were  formed  seemed  to  be  of  very  good 
quality.  The  difficulty  in  drawing  a  continuous  fiber  seems  to  be 
that  the  fiber  tends  to  break  when  the  winding  starts  due  to  the 
fibers'  increased  stiffness.  Long  lengths  of  fiber  of  this 
composition  could  not  be  produced. 


30 


GEO-CENTERS,  INC. 


A  fiber  drawn  from  previously  formed  oxynitride  glass  similar 
to  commercial  "S"  glass,  but  containing  N.  The  glass  NS2  composi¬ 
tion  (in  weight  %)  was:  8.0%  Al,  33.4%  Si,  9.5%  Mg,  45.6%  O,  and 
3.5%  N.  The  basic  procedure  as  described  above  was  used.  The 
crucible  contained  10  grams  of  crushed  glass  that  was  heated  to 
1550°C  for  fiber-drawing.  Winding  for  7  minutes  at  about  500 
r.p.ra.  produced  a  continuous  fiber  estimated  to  1000-1200  m  long. 
The  fiber  was  very  uniform  in  cross-section  and  35  nm  in  diameter, 
the  oxynitride  S  glasses  were  well  suited  for  fiber  drawing, 
producing  high  quality  uniform  fibers. 

A  fiber  was  drawn  from  previously  formed  oxynitride  glass 
similar  to  commercial  "E”  glass,  but  containing  N.  The  glass  EN3A, 
consisted  of  (in  weight  %)  28.5%  Si,  8.7%  Al,  2.2%  Mg,  14.8%  Ca, 
0.2%  Na,  0.1%  K,  0.1%  Fe,  42.4%  0,  and  3.1%  N.  The  BN  crucible  was 
loaded  with  5  grams  of  crushed  glass  and  a  fiber  drawn  using  the 
basic  procedure  with  the  glass  at  a  temperature  of  1350°C.  Winding 
for  5  minutes  at  approximately  300  r.p.m.  produced  a  continuous 
fiber  estimated  to  be  400-500  m  long.  The  fiber  was  uniform  but 
somewhat  tapered  over  its  length,  with  a  maximum  diameter  of  50  urn. 
The  oxynitride  E  glasses  also  had  good  fiber  forming  characteris¬ 
tics. 


Some  limited  fiber  drawing  was  performed  with  zirconium  oxide 
and  oxynitride  glasses,  using  the  old  motor  system.  Zirconium 
oxynitride  fiber  formation  was  easily  achieved.  Fiber  formation 
started  at  approximately  1320°C.  After  first  winding  the  fiber 
slowly,  the  temperature  and  winding  speed  were  slowly  increased. 
The  fiber  wound  at  the  maximum  winding  speed  on  the  lower  gear 
ratio  of  the  laboratory  motor  at  1351°C  for  approximately  20 
minutes.  The  fibers  got  thinner  as  time  went  on,  and  averaged  out 
to  be  approximately  70  microns  in  diameter. 
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Fibers  were  also  formed  from  the  zirconium  oxide  glass. 
Again,  the  fibers  formed  quite  easily.  Fiber  formation  began  at 
approximately  1250°C.  Then  the  temperature  was  decreased  to  1223°C. 
The  fiber  was  wound  at  maximum  speed  of  the  lower  gear  ratio  of  the 
laboratory  motor  for  approximately  7  minutes.  The  average  fiber 
diameter  was  approximately  45  microns.  This  fiber  seemed  quite 
resilient  and  bendable. 

3 . 3  Property  Data  for  Oxynitride  Glass  Fibers 

Some  limited  fiber  testing  was  performed  on  some  selected 
fiber  samples.  The  following  is  the  procedure  used  to  measure 
elastic  modulus.  First,  an  instrument  was  used  to  measure  the 
sonic  velocity  in  a  given  length  of  fiber.  Then  the  density  of  the 
fiber  was  obtained  by  using  a  micrometer  to  get  the  dimensions  of 
a  section  of  the  fiber,  then  weighing  the  fiber  to  get  the  mass. 
The  density  measurements  were  made  with  the  assumption  that  the 
fiber  dimensions  were  uniform.  In  the  case  that  the  fiber 
dimensions  were  obviously  not  uniform,  densities  of  the  bulk  glass 
were  used.  The  sonic  velocity  and  the  density  were  then  used  in 
a  formula  to  calculate  the  elastic  modulus. 

E  =  (1.45  X  105)  p  c2 
where  E  =  Elastic  modulus  in  psi 
p  =  Density  of  fiber 
c  =  Longitudinal  sonic  velocity 

Table  1  contains  a  summary  of  the  results  of  the  elastic  modulus 
measurements . 

Tensile  strength  testing  was  also  performed  on  various  fibers. 
An  Instron  Model  112  3  testing  machine  with  a  5  N  load  cell  was  used 
for  the  testing.  Samples  were  prepared  in  accordance  with  the  ASTM 
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TABLE  1 


ELASTIC  MODULUS  OF  GLASS  FIBERS 


AVERAGE  OF  ELASTIC  MODULUS 


SPECIMEN 

DENSITY  (a/cc) 

IN  GPa  fDsi} 

Normal  E  Glass 

2.57 

83  (12  Million) 

Oxynitride  E 

Glass  EN3A 

2.80 

100  (14.5  Million) 

Y-Si-Al-O-N 
"a"  Glass 

3.71 

138  (20  Million) 

Zr  Oxide  Glass 

2.67 

95  (13.7  Million) 

Zr  Oxynitride  Glass 

2.75 

101  (14.6  Million) 

*Ca-Y-Si-Al-0-N 
modified  "b" 

3.72 

152  (22  Million) 

♦limited  testing  performed 
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D339-75  tensile  strength  testing  procedures.  Much  time  was  spent 
becoming  familiar  with  the  testing  procedure  and  choosing  the  best 
materials  for  sample  preparation.  It  was  found  that  standard  graph 
paper  and  DUCO  adhesive  worked  the  best  for  sample  preparation  and 
minimized  fiber  slippage  during  testing. 

Several  different  Y-Si-Al-O-N  "a”  fibers  were  tested.  It  was 
found  that  aging  and  fiber  handling  play  significant  roles  in  fiber 
strength  degradation.  Fibers  that  were  formed  several  months  ago 
and  stored  in  air  on  the  reel  had  an  average  tensile  strength  of 
64,667.0  psi.  Fibers  that  were  formed  several  months  ago  and 
stored  on  the  reel  in  a  zip  lock  plastic  bag  had  an  average  tensile 
strength  of  83,876.8  psi.  Fibers  that  were  formed  during  this 
reporting  period  and  tested  immediately  had  an  average  tensile 
strength  of  117,719.7  psi. 

Oxynitride  "S"  fibers  (NS2 )  were  also  tested  immediately  after 
fiber  drawing.  Fibers  that  were  cut  from  the  reel  and  tested  had 
an  average  tensile  strength  of  82,168.9  psi.  The  fibers  that  were 
taken  directly  from  the  nozzle  (not  wound  on  the  reel)  had  an 
average  tensile  strength  of  98,567.0  psi.  A  different  batch  of  NS 2 
fibers  that  were  recently  formed  and  taken  from  the  reel  had  an 
average  tensile  strength  of  86,648.2  psi.  Also,  some  Spectran 
optical  fibers  with  the  resin  coating  burned  off  were  tested  and 
had  an  average  tensile  strength  of  36,474.0  psi. 

It  was  easily  determined  that  aging  and  fiber  handling  cause 
the  fibers  to  weaken.  The  more  the  fibers  are  handled,  the  greater 
chance  of  introducing  strength  limiting  defects.  When  the  fibers 
are  wound  on  the  reel,  they  are  constantly  abrading  against  each 
other.  A  resin  coating  applied  to  the  fibers  as  they  are  formed 
would  decrease  the  amount  of  defects  introduced  to  the  fibers  due 
to  handling. 
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Also,  EDX  and  WDS  spectroscopy  was  conducted  on  the  fibers. 
The  results  of  this  analysis  indicated  that  the  compositions  of  the 
parent  glasses  and  the  fibers  formed  from  these  glasses  were 
essentially  the  same. 

Corrosion  tests  were  also  performed  on  zirconium  oxide  and 
oxynitride  glass  fibers.  Fibers  from  the  zirconium  oxide  and  the 
oxynitride  fibers  were  cut  into  3  inch  lengths.  The  respective 
fibers  were  gathered  into  two  different  bundles  and  one  end  of  each 
bundle  was  dipped  in  rubber  cement  to  secure  the  fibers.  The 
weight  of  the  oxide  bundle  was  0.0093  g  and  the  weight  of  the 
oxynitride  bundle  was  0.0088  g.  Two  different  solutions  of  10  pH 
were  made  by  mixing  35  ml  distilled  water  with  1  drop  of  a  6%  NaOH 
solution.  Then  each  fiber  bundle  was  placed  in  a  separate  vial 
with  the  NaOH  solution.  The  vials  were  capped  and  placed  in  a  37°C 
water  bath.  Valid  results  were  not  obtained  due  to  experimental 
error.  The  caps  on  the  vials  containing  the  fibers  in  the  NaOH 
solution  became  loose,  allowing  the  solutions  to  mix  with  the 
surrounding  water  bath,  which  altered  the  pH  of  the  solutions. 

4.0  GENERAL  SUMMARY 


The  general  scope  of  work  for  this  research  project  was 
carried  out.  Oxynitride  glasses  of  various  compositions  were 
prepared  and  analyzed.  An  existing  fiber  drawing  apparatus  was 
modified,  and  the  fiber  drawing  capability  greatly  improved. 
Continuous  glass  fibers  were  produced  from  scaled  up  oxynitride 
glass  compositions.  Formed  fibers  were  characterized  and  evaluated 
(including  elastic  modulus  and  tensile  strength  measurements). 
From  the  information  gathered  during  this  research,  it  is  clear 
that  there  is  great  potential  for  high  specific  modulus  oxynitride 
glasses  and  glass  fibers.  It  is  believed  that  with  additional 
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experimentation  and  testing,  oxynitride  glasses  and  glass  fibers 
can  be  developed  into  a  commercially  and  industrially  valuable 
product . 
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Commander,  U.S.  Army  Materiel  Command,  5001  Eisenhower 
Ave.,  Alexandria,  VA  22333 
1  ATTN:  AMCLO 

1  AMCDE-SR,  Dr.  R.  Chait 

1  Mr.  R.  Zigler 

U.S.  Army  Research,  Development  and  Standardization, 

Group  (UK),  Box  65,  FPO,  New  York  09510 
1  ATTN:  Dr.  W.  C.  Simmons 

Commander,  U.S.  Missile  Command,  Redstone  Scientific 
Information  Center,  Redstone  Arsenal,  AL  35898-5241 
1  ATTN:  AMSMI-RD-CS-R/Ooc 
1  AMSMNRLM 

Commander,  U.S.  Army  Natick  Research,  Development  and 
Engineering  Center,  Natick,  MA  01760 
1  ATTN;  Technical  Library 
1  Dr.  R.  Lewis 

U.S.  Department  of  Energy,  Forrestal  Building  CE-151, 

1000  Independence  Avenue,  Washington,  OC  20585 

1  ATTN:  Mr.  R.  8.  Schulz 

Commander,  U.S.  Army  Tank -Automoti ve  Command,  Warren, 

MI  48397-5000 

2  ATTN:  AMSTA-TSL,  Technical  Library 

1  AMSTA-ZSK 

1  AMSTA-RSK,  Sam  Goodman 

1  AMSTA-RSK,  David  Tenenbaum 

1  AMSTA-RSK,  Dr.  James  L.  Thompson 

1  AMCPM-M113-T,  G.  B.  Singh 

1  AMCPM-M113,  Mr.  Joseph  Loiselle 

1  AMCPM-BFVS,  Gary  Chamberlain 

Commander,  U.S.  Army  Aviation  Systems  Command,  Aviation 
Research  and  Technology  Activity,  Aviation  Applied 
Technology  Directorate,  Fort  Eustis,  VA  23604-5577 
1  ATTN:  SAVRT -TY-ASV,  Mr.  McAllister 
1  SAVRT-TY-ASV,  W.  Swink 

Commander,  U.S.  Army  Aviation  Systems  Command,  4300 
Goodfellow  Boulevard,  St.  Louis,  MO  63120-1798 
1  ATTN:  AMSAV-GTO 
1  AMSAV-E 

1  AMCPEO-AV 
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Naval  Research  Laboratory,  Washington,  DC  20375 
1  ATTN:  Dr.  D.  Lewis 
1  Dr.  G.  R.  Yoder  -  Code  6384 

Chief  of  Naval  Research,  Arlington,  VA  22217 
1  ATTN:  Code  471 
1  Dr.  R.  C.  Pohanka 

Director,  Structural  Mechanics  Research,  Office  of  Naval 
Research,  800  North  Quincy  Street,  Arlington,  VA  22203 
1  ATTN:  Bruce  MacDonald 
1  Ralph  Lud 

Commander,  David  Taylor  Nava)  Ship  Research  and  Development 
Center,  Bethesda,  MD  20084 
1  ATTN:  Rod  Peterson  -  Code  1240 
1  Herb  Wolk  -  Code  1740.1 

1  Richard  Swanek  -  Code  1240 

Naval  Air  System  Command,  Department  of  the  Navy, 

Washington,  OC  20360 
1  ATTN:  AIR-03PAF 

1  AIR-5164J,  LT  COL  J.  Sebolka 

1  SEA-05M,  Dr.  Alex  Kaznoff 

1  SEA -05MB,  LCDR  W.  M.  Eiger 

1  SEA-05R  25,  C.  Zanis 

Naval  Material  Command,  Washington,  DC  20360 
1  ATTN :  MAT -0331 

Naval  Post  Graduate  School,  Monterey,  CA  93948 
1  ATTN:  Code  57BP,  R.  E.  Ball 

Naval  Research  Laboratory,  455  Overlook  Avenue, 

Washington,  DC  20375 
1  ATTN:  T.  W.  Crooker 

Commander,  U.S.  Air  Force  Wright  Research  &  Development 
Center,  Wright -Paterson  Air  Force  Base,  OH  45433-6523 
1  ATTN:  WRDC/MLC 

1  WRDC/MLLP,  D.  M.  Forney,  Jr. 

1  WR0C/ML8C,  Mr.  Stanley  Schulman 

1  WRDC/FIBA,  Mr.  L.  G.  Kelly 

1  WRDC/FIES,  Mr.  A.  G.  Kurtz 

1  WROC/FIESD,  Mr.  A.  Kurtz 

1  WRDC/MLLM,  Dr.  A.  Katz 

1  WRDC/MLLM,  Dr.  R.  Ruh 

National  Aeronautics  and  Space  Administration,  Marshall 
Space  Flight  Center,  Huntsville,  AL  35812 
1  ATTN:  R.  J.  Schwinghammer,  EH01,  Dir,  M&P  Lab 
1  Mr.  W.  A.  Wilson,  EH41,  Bldg.  4612 

Aeronautical  .Systems  Division  (AFSC),  Wright-Patterson  Air 
Force  Base,  OH  45433-6503 
1  ATTN:  ASD/ENFEF,  D.  C.  Wight 

1  ASD/ENFTV,  0.  J.  Wallick 

1  ASD/XRM,  G.  B.  Bennett 

NASA  -  Ames  Research  Center,  Army  Air  Mobility  Research  and 
Development  Laboratory,  Mail  Stop  207-5,  Moffett  Field, 

CA  94035 

1  ATTN:  SAVDL-AS-X,  F.  H.  Immen 

U.S.  Department  of  Commerce,  National  Institute  of 
Standards  and  Technology,  Gaithersburg,  MD  20899 
1  ATTN:  Stephen  M.  Hsu,  Chief,  Ceramics  Division,  Institute 
for  Materials  Science  and  Engineering 

Oirector,  Central  Intelligence  Agency,  P.0.  Box  1925, 
Washington,  DC  20505 
1  ATTN:  OSWR-OSD,  Ward  Waltman 

1  R.  Gomez 

1  J.  Backofen 

United  States  Steel  Corporation,  Research  Laboratory, 
Monroeville,  PA  15146 
1  ATTN:  Dr.  John  M.  Barsom 


t.  Raymond  &  Associates,  P.0.  Box  7925,  Newport  8each, 

CA  92658-7925 
1  ATTN:  Or.  L.  Raymond 

Boeing  Advanced  Systems,  P.0.  Box  3707,  Seattle, 

UA  98124-2207 

1  ATTN :  R.  J.  8ristow,  MS  33-04 
1  W.  Merlin,  MS  33-04 

Sikorsky  Aircraft,  A  Oivision  of  United  Aircraft  Corporation, 
Main  Street,  Stratford,  CT  06601 
1  ATTN:  George  Karas 


Teledyne  CAE,  1330  Laskey  Road,  Toledo,  OH  43697 
1  ATTN:  Librarian,  M.  Oowdell 

Fairchild  Industries,  Inc.,  Fairchild  Republic  Company, 
Conklin  Street,  Farmingdale,  Long  Island,  NY  11735 
1  ATTN:  Engineering  Library,  G.  A.  Mauter 

Gruman  Aerospace  Corporation,  South  Oyster  Bay  Road, 
Bethpage,  NY  11714 

1  ATTN:  Technical  Information  Center,  J.  Oavis 

McDonnell  Douglas  Helicopter  Company,  5000  £.  McDowell  Road, 
Mesa,  AZ  85205-9797 
1  ATTN:  Library,  2/T2124.D.  K.  Goss 

1  Mr.  A.  Hirko 

1  Mr.  L.  Soffa 

I IT  Research  Institute,  10  West  35th  Street,  Chicaqo. 

IL  60616 

l  ATTN:  K.  McKee 

Kaman  Aerospace  Corporation,  Old  Winsor  Road,  Bloomfield, 

CT  06002 

1  ATTN:  H.  E.  Showalter 

Lockheed-Cal ifornia  Company,  A  Division  of  Lockheed  Aircraft 
Corporation,  Burbank,  CA  91503 
1  ATTN:  Technological  Information  Center,  84-40,  U-35,  A-l 

Vought**yrporat i on ,  P.0.  Box  S907,  Oallas,  TX  75232 
1  ATTN:  D.  M.  Reedy,  2-30110 

Martin  Marietta  Corporation,  Orlando  Division,  P.0.  Box 
5837,  Orlando,  FL  32805 
l  ATTN:  Library,  M.  C.  Griffith 

McDonnell  Oouglas  Corporation,  3855  Lakewood  Boulevard, 

Long  Beach,  CA  90846 

1  ATTN:  Technical  Library,  Cl  290/36-34 

Northrop  Corporation,  Aircraft  Oivision,  3901  W.  Broadway, 
Hawthorne,  CA  90250 

1  ATTN:  Mgr.  Library  Services,  H.  W.  Jones 

Beech  Aircraft  Corporation,  9709  E.  Central  Avenue, 

Wichita,  KS  67206 
1  ATTN:  Engineering  Library 

Bell  Helicopter  Company,  A  Textron  Company,  P.0.  Box  482 
Fort  Worth,  TX  76101 
1  ATTN:  J.  R.  Johnson 

Boeing  Helicopters,  P.0.  8ox  16858,  Philadelphia, 

PA  19142-0858 

1  ATTN:  N.  Caravasos,  M/S  P 30-27 

Cessna  Military,  P.0.  Box  7704,  Wichita,  KS  67277-7704 
1  ATTN:  Wallace 

Los  Alamos  National  Laboratory,  Los  Alamos,  NM  87545 
1  ATTN:  R.  Mah 

1  0.  Sandstrom 

1  W.  81unenthal 

1  R.  Barks 

Lawrence  Livermore  National  Laboratory,  P.0.  Box  808, 
Livermore,  CA  94550 
1  ATTN:  C.  Cline 

1  R.  Landingham 


Aluminum  Company  of  America,  Alcoa  Technical  Center, 

Alcoa  Center,  PA  15069 
1  ATTN:  A.  Becker 
1  P.  V.  Kelsey 

CERCOM,  Inc.,  1960  Watson  Way,  Vista,  CA  92083 
1  ATTN:  R.  Palicka 

Ceradyne,  Inc.,  3169  Redhill,  Costa  Mesa,  CA  92626 
1  ATTN:  E.  Conabee 

Norton  Co.,  1  New  Bond  Street,  Worcester,  MA  01606 
1  ATTN:  R.  Bart 

Georgia  Tech  Research  Institute,  Georgia  Institute  of 
Technology,  Atlanta,  GA  30332 
1  ATTN:  K.  V.  Logan 

Southwest  Research  Institute,  6220  Culebra  Ro. , 

San  Antonio,  TX  78248 
1  ATTN:  C.  Anderson 

University  of  California-San  Diego,  Dept,  of  Applied 
Mechanics  &  Engineering  Sciences,  La  Jolla,  CA  92093 
1  ATTN:  M.  Meyers 

Dow  Chemical  Co.,  1776  Building,  Midland,  MI  48674 
1  ATTN:  A.  Hart 

Lanxide  Corp.,  Tralee  Industrial  Park,  Newark,  OE  19711 
1  ATTN:  M.  Newkirk 
1  Or.  B.  R.  Rossing 

University  of  Dayton  Research  Institute,  300  College  Park, 
Dayton,  OH  45469 
I  ATTN:  S.  Bless 
1  N.  Hecht 

SRI  International,  333  Ravenswood  Ave.,  Menlo  Park, 

CA  94025 

1  ATTN:  .D.  Shockey 
1  D.  Curren 

1  Dr.  S.  M.  Johnson 

PPG  Industries,  Inc.,  Fiber  Glass  Research  Center, 

P.0.  Box  2844,  Pittsburgh.  PA  15230 

2  ATTN:  Dr.  A.  Calabrese 

1  Dr.  D.  H.  Griffiths 

Technical  Center,  Owens/Corning  Fiberglas  Corp., 

Granville,  OH  43023 
1  ATTN:  Dr.  W.  W.  Wolf 

Massachusetts  Institute  of  Technology,  Cambridge, 

MA  02139 

I  ATTN:  Dr.  J.  S.  Haggerty,  12-009 

United  Technologies  Corp.,  Research  Center  Silver  Lane, 

E.  Hartford,  CT  06108 
1  ATTN:  Dr.  W.  H.  Sutton 

1  Dr.  K.  M.  Prewo 

1  Dr.  J.  J.  Brennan 

University  of  Missouri,  Ro 11a,  Materials  Research  Center, 
Rolla,  MO  65401 
1  ATTN:  Prof.  D.  E.  Oay 

Rensselaer  Polytechnic  Institute,  Department  of  Mate-ials 
Engineering,  Troy,  NY  12181 
1  ATTN:  Prof.  M.  Tomozawa 

Worcester  Polytechnic  Institute,  100  instil  te  Rci.:, 
Worcester,  MA  01609 
1  ATTN:  Prof.  G.  L.  Leatherman 
l  Prof.  T.  El -Keren i 

Dow  Corning  Corporate,  Midland,  MI  486S6 
I  ATTN:  Mr.  R.  E.  Jones 
l  Mr.  W.  E.  Hauth 

1  Mr.  W.  H.  Atwell 
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General  Electric  Company,  Research  and  Development  Center, 
8ox  8,  Schenectady,  NY  12301 
1  ATTN:  Or.  W.  B.  Hillig 

s  1  Or.  R.  J.  Charles 

Corning  Glass  Works,  Corning,  NY  14831 
1  ATTN:  Or.  J.  R.  Sooth 
1  Mr.  0.  £.  Larsen 

’  1  Or.  U.  R.  Prindle 

Sandia  National  Laboratories,  Albuquerque,  NM  87185 
1  ATTN:  Or.  R.  E.  Loehman 

3M  Company,  3M  Center,  8uilding  201,  St.  Paul,  MN  55144 
1  ATTN:  Or.  M.  Leitheiser 

Allison  Gas  Turbine  Division,  General  Motors  Corporation, 
4438  Clayburn  Drive,  Indianapolis,  IN  46268 
1  ATTN:  Or.  P.  Khandelwal 

University  of  Delaware,  Spencer  Laboratory,  Newark, 

OE  19716 

1  ATTN:  Prof.  A.  P.  Majidi 

EG4G  Idaho,  INEL,  Idaho  Falls,  ID  83415 
1  ATTN:  Or.  R.  M.  Neil  son,  Jr. 

SUNY  College  of  Ceramics,  Alfred,  NY  14802 
1  ATTN:  Prof.  D.  L.  Pye 

FMC  Corporation,  Central  Engineering  Laboratories , 

1205  Coleman  Avenue,  Box  580,  Santa  Clara,  CA  95052 
1  ATTN:  Or.  A.  Vasudev 

GTE  Laboratories,  Inc.,  40  Sylvan  Road,  Waltham, 

MA  02154 

1  ATTN:  Dr.  S.  T.  8uljan 

1  Dr.  A.  E.  Pasto 

NASA-Lewis  Research  Center,  21000  Brookpark  Road, 
Cleveland,  OH  44135 
1  ATTN:  Or.  S.  Outta 

Norton  Company,  High  Performance  Ceramics,  Goddard  Road, 
Northboro,  MA  01532-1545 
1  ATTN:  Mr.  C.  A.  Abel 

1  Mr.  N.  0.  Corbin 

1  Dr.  S.  0.  Hartline 

University  of  California,  Santa  Barbara,  CA  93106 
1  ATTN:  Prof.  A.  G.  Evans 

Georgia  Tech  Research  Institute,  Atlanta,  GA  30332 
1  ATTN:  Or.  W.  J.  Lackey 


N< 

C< 

Universal  Energy  Systems,  4401  Oayton-Xenia  Road, 

Dayton,  OH  45432 
1  ATTN:  Or.  T.  Mah 

Rockwell  International,  1049  Camino  Oos  Rios,  P.0.  Box  108S, 
Thousand  Oaks,  CA  91360 
1  ATTN:  Or.  P.  E.  0.  Morgan 

General  Electric  Company,  P.0.  Box  8555,  MS:  U-1219, 
Philadelphia,  PA  19101 
1  ATTN:  Or.  S.  Musikant 

W.  R.  Grace  and  Company,  7379  Route  32,  Columbia, 

MO  21044 

1  ATTN:  Mr.  R.  W.  Rice 

Ceramatec,  Inc.,  163  W.  1700  South,  Salt  Lake  City, 

UT  84115 

1  ATTN:  Mr.  0.  W.  Richardson 

Coors  Ceramics  Company,  17750  West  32nd  Avenue,  Golden, 

CO  80401 

1  ATTN:  Dr.  J.  Stephan 

1  Dr.  0.  W.  Roy 

1  Or.  R.  Paricio 

Center  for  Advanced  Ceramic  Technology,  Alfred  University, 
Alfred,  NY  14802 
1  ATTN:  Dr.  R.  M.  Spriggs 

Carborundum  Company,  P.0.  Box  832,  Niagra  Falls, 

NY  14302 

1  ATTN:  Dr.  M.  Srinivasan 

1  Or.  J.  Hinton 

The  American  Ceramic  Society,  Inc.,  757  Brooksedge  Plaza 
Drive,  Westerville,  OH  43081-6136 
1  ATTN:  Ms.  L.  M.  Sheppard 

University  of  Michigan,  Dow  8uilding,  Ann  Arbor, 

MI  48109-2136 
1  ATTN:  Prof.  T.  Y.  Tien 

Pennsylvania  State  University,  201  Steidle  Building, 
University  Park,  PA  16802 
1  ATTN:  Prof.  R.  E.  Tressler 

TRW,  Inc..  Valve  Oivision,  1455  E.  185th  Street, 

Cleveland,  OH  44110 

1  ATTN:  Dr.  R.  R.  Wills 

Director,  U.S.  Army  Materials  Technology  Laboratory, 
Watertown,  MA  02172-0001 

2  AT7„:  SICMT-TML 

1  SLCMT-V 

1  SLCMT-PR 

25  SLCMT -EMC ,  Donald  R.  Messier,  COR 


